The cortex is organized in vertical and horizontal circuits that determine the spatiotemporal properties of distributed cortical activity. Despite detailed knowledge of synaptic interactions among individual cells in the neocortex, little is known about the rules governing interactions among local populations. Here, we used self-sustained recurrent activity generated in cortex, also known as up-states, in rat thalamocortical slices in vitro to understand interactions among laminar and horizontal circuits. By means of intracellular recordings and fast optical imaging with voltage-sensitive dyes, we show that single thalamic inputs activate the cortical column in a preferential layer 4 (L4) 3 layer 2/3 (L2/3) 3 layer 5 (L5) sequence, followed by horizontal propagation with a leading front in supragranular and infragranular layers. To understand the laminar and columnar interactions, we used focal injections of TTX to block activity in small local populations, while preserving functional connectivity in the rest of the network. We show that L2/3 alone, without underlying L5, does not generate self-sustained activity and is inefficient propagating activity horizontally. In contrast, L5 sustains activity in the absence of L2/3 and is necessary and sufficient to propagate activity horizontally. However, loss of L2/3 delays horizontal propagation via L5. Finally, L5 amplifies activity in L2/3. Our results show for the first time that columnar interactions between supragranular and infragranular layers are required for the normal propagation of activity in the neocortex. Our data suggest that supragranular and infragranular circuits, with their specific and complex set of inputs and outputs, work in tandem to determine the patterns of cortical activation observed in vivo.
Introduction
The neocortex is composed of local circuits heavily interconnected by vertical and horizontal projections. A generalized "canonical circuit" (for review, see Douglas and Martin, 2004) has been observed consistently across species and provides a scheme for how information may flow vertically in the cortex in response to afferent input. In primary sensory areas, thalamic input primarily to layer 4 (L4) is relayed to layer 2/3 (L2/3) and then to layer 5 (L5) and layer 6 (L6), concomitant with feedback from L5 to L2/3 and L6 to L4. Such vertical organization is linked horizontally by prominent projections within L2/3 and L5.
Embedded within this large-scale wiring diagram are local microcircuits in which neurons receive prominent input from neighboring cells (Douglas et al., 1995; Lübke et al., 2000; Feldmeyer et al., 2006; Frick et al., 2008) . While the specific computational roles played by such recurrent networks are still being resolved (Pinto et al., 2003; Douglas and Martin, 2007) , what is clear is that these networks provide a source of powerful local excitation and are capable of producing activity that is selfgenerated and long-lasting. The strength of such recurrent circuits is highlighted under the cortical network state that occurs during slow-wave sleep, referred to as the slow oscillation. Originally described by Steriade et al. (1993a,b,c) , the slow oscillation consists of alternating bouts of depolarization called "up-states" and hyperpolarization called "down-states." Importantly, the up-state represents self-sustained engagement of the entire local network in recurrent loops, including inhibitory neurons. Upstates are cortically generated, and vertical projections between layers engage circuits through the entire depth of the cortex, while horizontal projections allow the up-state to travel as a wave across the brain. Such activity potentially represents a default network state under conditions of low neuromodulatory tone, as slices of cortex will spontaneously generate up-and down-states when maintained in medium that mimics ionic concentrations measured in situ (Sanchez-Vives and McCormick, 2000) .
Here, we use up-states as a tool for exploring columnar and laminar connectivity in the neocortex. We use a combination of voltage-sensitive dye (VSD) imaging, local field potentials, and intracellular recording in thalamocortical connected slices of rat barrel cortex to reveal how specific layers contribute to the initiation and propagation of self-generated recurrent activity. We found that a single thalamic input triggers an up-state that initiates within a column following a sequence of L4 3 L2/3 3 L5, which then propagates via L2/3 and L5 to neighboring columns. However, we show that L5, but not L2/3, is crucial for the spread of excitation both within a column and across columns. L5 can sustain and propagate activity to neighboring columns in the absence of L2/3. Conversely, L2/3 cannot sustain activity in the absence of the underlying L5, and often fails to allow propagation of 20 M TTX was prepared in ACSF containing 0.15% Coomassie blue (as a visual indicator of drug spread). This solution was loaded into a glass micropipette pulled for sharp intracellular recording with the tip broken to yield an open diameter of ϳ10 m.
TTX was pressure injected into the slice using a Picospritzer III (Parker Hannifin) with a duration of 5-10 ms at 2-4 psi. Because experiments were performed on an interface chamber, perfusion ACSF did not cover the slice, and thus the injected TTX remained within the targeted region of the cortex. If any Coomassie blue was observed in the bath after puffing (either due to the pressure being too high, or the bath level breaching the surface of the slice), the slice was discarded.
Electrical stimulation protocol. To deliver electrical stimuli, we manufactured bipolar electrodes using tungsten electrodes with an impedance of 0.1 M⍀ at 1 kHz (FHC). Stimuli consisted of single 100 s pulses of 80 A intensity in ventrobasal (VB) thalamus or 2-6 A in cortex (stimuli trains of four at 40 Hz were delivered to the cortex where indicated in Results). Stimulation intensity and duration were controlled with custom routines written in Igor (Wavemetrics) using NI-DAQmx Tools (National Instruments). Command voltages generated from these routines were output via a BNC-2090 (National Instruments) to a Grass stimulus isolation unit (Grass Instruments) for final current output through the bipolar electrodes.
Electrical stimuli were delivered 100 ms after the camera shutter opened and optical recording had begun to provide a baseline for the VSD signal before the stimulation. A set of 20 -25 such imaging trials were acquired with 10 s between each trial, followed by TTX injection, and then followed by acquisition of another set of 20 -25 trials. Tissue health was assessed by the continued presence of spontaneous up-states in intracellular recordings or LFPs, and by the ability to evoke up-states that reached peak dF/F amplitudes and durations similar to those recorded at the beginning of the experiment.
Cytochrome oxidase histology. To confirm the location of cortical layers, we revealed barrels by treating the tissue with cytochrome oxidase (CO) [according to Wong-Rilely (1979) with some modifications] In brief, after experiments, slices were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (PB) overnight. Slices were then transferred to 30% sucrose solution for 24 h and then resectioned at 50 m with a freezing microtome. These sections were then washed in 0.1 M PB (three times for 10 min each) at room temperature, incubated in a mixture of 0.1 M PB with 10% methanol and 1% hydrogen peroxide for 15 min, and then washed again in PB (three times for 10 min each). The sections were then kept in the dark shaking overnight in 0.1 M PB containing 4 g of sucrose, 50 mg of DAB (3,3Ј-diaminobenzidine) (Sigma-Aldrich), and 30 mg of cytochrome oxidase (Sigma-Aldrich) per 100 ml of PB. Finally, the sections were washed in PB, mounted on subbed glass slides, and coverslipped. Images were acquired on an upright microscope (BX51; Olympus) using a MagnaFire camera and acquisition software (Olympus).
Image processing. Optical data consisted of differential fluorescence divided by a reference image acquired automatically by the MiCam software at the beginning of each trial (dF/F ). Individual trials from VSD movies were inspected separately to choose trials for averaging. Trials were screened by inspecting a region of interest (ROI) from the middle of the imaged tissue. ROIs provide an average of the dF/F signal through time for pixels located under a drawn polygon (using the reference image). Only trials with a stable baseline (the period of 100 ms before stimulation) in which an up-state occurred were chosen for averaging. Trials in which up-states failed to be triggered generally occurred due to stimulation immediately following the end of a spontaneous up-state, which was confirmed with intracellular recordings or LFPs recorded simultaneously with imaging. For experiments with TTX, an ROI was placed on either side of the TTX to segregate trials in which an up-state was generated on one side but failed to reach the other.
Once trials were averaged, the resulting movie was postprocessed using the following steps in order. Optical data were debleached by taking a small ROI (3-5 pixels) from white matter near the internal capsule, which was smoothed by a binomial smoothing operation (a Gaussian filter, smooth factor of 50), and then subtracting this signal from the data. A 3 ϫ 3 spatial filter was then applied to the data. Next, for each pixel, the signal was "zeroed" around the baseline through time according to the 100 ms preceding stimulation: an offset was calculated that made the average of dF/F values positive to zero during this time window match the average of dF/F values negative to zero. This offset was calculated for and applied to each pixel individually through time (every frame) to normalize all jitter around baseline across the entire image. Finally, a binomial smoothing operation (smooth factor of 10) was applied to the data to minimize high-frequency and high-amplitude noise peaks.
After postprocessing, the baseline noise was quantified as previously described Contreras, 2005, 2006) . In brief, we calculated the SD at each pixel during the 100 ms before the stimulation, plotted the distribution of SDs (which was always unimodal), and chose the peak, which represents the most common SD over the image. Thresholds for signal above baseline noise were set according to this peak. For pseudocolor images, a threshold of 2-4 SDs was set depending on the width of the distribution observed qualitatively. The pseudocolor images are superimposed on a grayscale representation of the reference image. Note that this threshold is based on the most common SD across the image, so transient noise fluctuations above this threshold can occur, leading to occasional single pixel "blips" in the example images presented in Results. Finally, di-3-ANEPPDHQ reports depolarization as a decrease in fluorescence; thus, for clarity, dF/F values are inverted.
Pixels located off the edge of the tissue (including pia) were deleted or blanked for clarity.
Data analysis. ROIs represent the average dF/F signal of the selected area as a function of time. For analysis of the time to threshold above noise using ROIs (see Fig. 3 ), we chose 2 SDs as a sensitive measure of activity onset because the ROI represents further averaging of the signal and thus smoothes outliers. For analysis of propagating up-states using ROIs (see Figs. 7, 9) , ROIs from each layer were taken where possible; for a minority of slices, ROIs could not be taken from all layers due to limits on the size of the imaged area.
In addition to ROIs, other analyses of the optical data were performed to characterize the activity of the slice in time and space. Line profiles produce a representation of the activity recorded at pixels under a line drawn in an arbitrary position on the reference image. Lines were 3 pixels in width, which were averaged. Pseudocolor for line profiles was set using the baseline noise measurements from the original movie as described above. Peak maps display the peak dF/F amplitude recorded at each pixel from the time of stimulation until the end of the movie. For TTX experiments, subtracting the post-TTX peak map from the pre-TTX peak map provided a summary image of the region of the slice affected (see Fig. 7B ). Finally, latency maps represent the time required to reach a specified threshold above baseline noise for each pixel by providing a pseudocolor for each time bin superimposed over the reference image.
To summarize monosynaptic responses to thalamic stimulation across a population of slices, we placed contour plots from multiple slices over a single reference image (see Fig. 2D ). Contour plots trace the edges of contiguous pixels that reach a specified threshold. For each slice chosen for this analysis, we marked the location of each pixel reaching 3-3.5 SDs above noise with the value 1 for the frames from 0 to 10 ms following stimulation, and all other pixel locations with the value 0. Contours of all contiguous pixel locations with the value 1 were then drawn over a grayscale reference. To reduce noise, contours around a single pixel that was contiguous with no others were removed. Then, the reference images with contours were overlaid such that the surface angle and curvature of each slice matched. All but one of these reference images were deleted, leaving all contour plots overlaid on a single reference. This was possible due to the fact that all images were the exact same size and pixel dimensions, and that the same region of the slice from the same region of the brain was imaged for every experiment.
To quantify the effect of TTX observed in optical recordings across experiments, we calculated how signals recorded at ROIs (for ROI locations, see Results) changed as a percentage of control conditions after TTX application within each experiment. Because TTX could delay the propagation of an up-state, we chose to compare relative peak amplitudes of the dF/F signal before and after TTX. The time to peak dF/F was recorded and the signal was averaged over a time window of 100 ms centered at this time. We took the ratio of this measurement for the post-TTX signal to the pre-TTX signal as our measure of percentage change from control. If the difference between the post-TTX and pre-TTX measurements was not Ͼ2 SDs above baseline noise, the ratio was forced to a value of 1, indicating no statistically significant difference between the signals.
To quantify the effect of TTX observed in intracellular recordings across experiments, we measured the ratio of the width at half-height of the up-state after TTX to before TTX within each experiment. The up-state used for these measurements was the average of all trials for a given condition. The width at half-height was measured from visual inspection.
We determined cortical layers in VSD reference images based on observed landmarks and measurements made in cytochrome oxidasestained slices (see Fig. 2E ). Layer 4 is clearly distinguished by darkly stained barrels and found at a measured depth of ϳ500 m from the surface. Layer 2/3 is a cell-dense region directly above and borders the clearly cell-sparse layer 1. Below the layer 4 barrels is a lighter band that distinguishes layer 5A. Layer 5B and layer 6 are visible as a continuous thicker dark band below. Corresponding (but reversed) differences in coloration were observable in the grayscale reference images from optical recordings. In the reference images, layer 2/3 and layer 5A are darker bands that sandwich the lighter layer 4. L5B and L6 below represent a continuous lighter band. Layer 1 is also observable as a light band along the surface of the slice. Our histological observations match well those of other groups for determining cortical layers (Manns et al., 2004; Meyer et al., 2010b) .
Di-3-ANEPPDHQ reports membrane depolarization as a decrease in emitted fluorescence. For clarity, in keeping with convention, we depicted depolarization as a positive change in traces for ROI analyses and warm colors in pseudocolored images in all figures.
Student's t test or Wilcoxon's rank test was used for statistical tests. All analysis was performed using custom routines written for Igor (Wavemetrics).
Results
Our goal was to use the initiation and propagation of selfsustained recurrent activity in the neocortex as a tool to investigate rules for the flow of excitation in vertical and horizontal circuits. We used thalamocortical connected slices of rat primary somatosensory barrel cortex (Agmon and Connors, 1991; Land and Kandler, 2002) , maintained in medium that promotes slow oscillations, also called up-and down-states (Sanchez-Vives and McCormick, 2000) . Up-states are periods of sustained depolarization due to recurrent activity generated within cortical networks. In our slices, up-states occurred either spontaneously or were triggered with a single brief (100 s) electrical stimulus applied to VB thalamus or different restricted layers of the cortex. The spatiotemporal properties of the responses were measured with VSD imaging, LFPs, and intracellular recordings with sharp electrodes. Contributions of different layers to the initiation and propagation of sustained activity were investigated with targeted injections of TTX. Values are mean Ϯ SD.
Intracellular characterization of spontaneous activity and thalamic responses
Because up-states, occurring either spontaneously or triggered by electrical stimulation, were on average longer than the time allowed by our imaging procedures, we used intracellular recordings to characterize the behavior of the slice over long time windows.
We aimed our intracellular recordings and VSD imaging to the portion of the barrel cortex overlaying the dorsal hippocampus and ventral striatum (Fig. 1 A) , as this region receives intact thalamic afferents from VB in the thalamocortical slice plane (Staiger et al., 1999) . At rest, the slice generated spontaneous slow oscillations as described previously in vitro (Sanchez-Vives and McCormick, 2000) and similar to the original description of the slow oscillation in cortex and thalamus in vivo (Steriade et al., 1993a,b,c) . All recorded cells behaved as the example L2/3 cell in Figure 1 B and demonstrated periods of spontaneous membrane potential (V m ) depolarization (up-states) of 10 -20 mV and lasting 992 Ϯ 301 ms, occurring with a frequency of 0.05-0.12 Hz (n ϭ 10 representative cells from layers 2/3, 4, and 5 from 10 slices). Brief (100 s) electrical pulses to VB (Fig. 1 B, bottom trace, black circles) triggered up-states similar to those occurring spontaneously (duration, 989 Ϯ 289 ms; same n ϭ 10 cells; Fig. 1 B, C) . Triggered up-states had a refractory period of 1 s; thus, stimuli were delivered every 10 s throughout this study to ensure that full up-states were initiated. In the example cell, the synaptic response to VB stimulation had a 5 ms latency (Fig. 1C , no. 1), and was followed by the initiation of an up-state (Fig. 1C, no. 2). During up-states (both spontaneous and triggered), regular spiking neurons did not fire at frequencies Ͼ25 Hz, and fast spiking (presumably inhibitory interneurons) also participated (data not shown), reflecting that up-states do not result from pathological disinhibition, but rather a balance of excitation and inhibition (Shu et al., 2003) . Across the population, cells recorded at the site of up-state initiation (i.e., responding within 20 ms of VB stimulation) revealed monosynaptic latencies in L4 (3.0 Ϯ 1.9 ms; n ϭ 43 cells, n ϭ 37 slices), while response latency in L2/3 was significantly longer (7.7 Ϯ 4.7 ms; n ϭ 20 cells, n ϭ 20 slices) (mean Ϯ SD; p Ͻ 0.001, Wilcoxon's rank test). Thus, there appeared to be an order in the activation of triggered up-states in agreement with the distribution of synaptic latencies to whisker stimulation in vivo (Wilent and Contreras, 2004) .
We next used optical recordings with VSDs to map the initiation and spread of self-sustained network activity triggered by thalamic input. We hypothesized that up-states would spread in an organized manner within a barrel column and then to neighboring columns. . This slice generated spontaneous up-states with a frequency of 0.12 Hz (top). An expanded example (gray box) of a spontaneousup-stateisshownbelow.C,StimulationofVBthalamus(80A,100s)alsoevokedup-states(stimulationmarkedbyblack circle). An expanded example (gray box) is shown below, with further expansion of the first 60 ms (inset). There are two distinct phases to the triggered up-state: an initial EPSP of 1 mV (arrow 1) followed by the rising phase of a polysynaptic up-state (arrow 2). Because monosynaptic responses recorded in L4 always occurred with a 2-3 ms latency, we assume the initial EPSP shown here is of cortical origin, most likely L4. The duration, synaptic composition, and firing rate are similar for both evoked and spontaneous up-states.
larly powerful in the slice preparation in which all cortical layers are visible, as well as multiple cortical columns. We recorded cortical responses to a single thalamic stimulus with a resolution of 33 m 2 /pixel and 1 ms/frame in slices spontaneously generating up-and down-states ( Fig. 2 ; for imaged region, see Fig. 1 A) . In all VSD movie examples, pseudocolor represents significant depolarization relative to the baseline (see Materials and Methods), and responses in blue represent at least 1 mV of depolarization (Fig. 2 B) . In the representative example of Figure 2 , CO staining allowed for the measurement of cortical depth and the delineation of layers (Fig. 2 E) . Barrels were clearly visible 500 m below the pial surface. We called L5A the lighter band immediately below the barrels, L5B the darker band below L5A, and L6 the lighter band above the white matter (Manns et al., 2004; Meyer et al., 2010b) .
In the example movie frames in Figure rately represented underlying neuronal depolarization, as shown by comparing the dF/F signal from a small ROI (see Materials and Methods) around a simultaneously recorded neuron in L4 (Fig.  2 B) . Activity in L4 adjacent to the recorded neuron representing two barrels (ϳ500 m of tissue) persisted, giving rise to an upstate that invaded L2/3 within 20 -30 ms, L5A 10 ms later, and then spreading vertically through the entire column. The up-state propagated horizontally through L2/3 and L5, reaching the intracellular recording site and ROI by 50 ms (Fig. 2 B, right) . The up-state filled the entire imaged area by 250 ms, indicating depolarization of all layers (L1 through L6). For the remainder of the imaging time (up to 1000 ms), the spatial pattern of activation did not change, but the simultaneously recorded neuron repolarized to baseline after 1000 ms ( Fig. 2 B , black trace). The sequence of activation illustrated by the still frames is clearly visible in the latency map (Fig. 2C ), which shows each pixel color coded by the time to crossing 2.5 SD above baseline noise (see Materials and Methods). Although small but physiologically relevant depolarization is potentially lost below noise threshold, our simultaneous intracellular recording and VSD imaging (Figs. 2 B, 3B) demonstrate that the dynamics of small subthreshold depolarizations were faithfully captured.
The location of monosynaptic responses was consistent across experiments, as shown by plotting their contours (values of dF/F Ͼ3 SDs of baseline noise, integrated between 1 and 5-10 ms) for 11 slices aligned and superimposed on a single reference image (Fig. 2 D) (see Materials and Methods) . This is also in agreement with the laminar profile of monosynaptic responses in mouse thalamocortical slices observed with VSD imaging by Laaris et al. (2000) . Although monosynaptic responses in L4 can be seen in multiple barrels, activity in only one or two barrel columns initiated an up-state. We term such a column a "primary column," and one to which an up-state propagates an "adjacent column." The term "column" is used here only to emphasize the vertical character of the initial activation and of the advancing front, without implying knowledge of borders of individual columns either anatomically or functionally.
In a small number of slices (n ϭ 6), the response to a single thalamic stimulus was widespread and led to the generation of up-states from multiple sites (data not shown). These slices likely contain significant input from the posterior medial thalamic nucleus (POm) in addition to VB, leading to simultaneous activation of septal and barrel circuits in various layers. We chose to focus on responses resulting from stimulation primarily of VB, which resulted in clearly localized sites of up-state initiation. Thus, these data are no longer considered in the present study.
To visualize the pattern of vertical propagation and reveal the difference between primary and adjacent columns, we constructed line profiles (Fig. 3A1) , which represent the average dF/F signal as a function of time from pixels falling along an arbitrary line drawn over the slice. The primary column line profile (Fig.  3A1 , top panel) confirmed the sequence of activation observed in the single frames [i.e., L4 3 L2/3 (down arrow at 30 ms) 3 L5A (up arrow at 40 ms)]. Because VSD stains not just somata but also axons and dendrites, a signal recorded in L4 has the potential to include L5 apical dendrites as a source. This is undoubtedly true after an up-state has been initiated. However, the monosynaptic signal in L4 before up-state initiation persists for tens of milliseconds before detection in L5A; thus, we exclude L5 as a source of this initial response. The adjacent column (Fig. 3A1, bottom  panel) showed near simultaneous vertical activation with a latency of 75 ms, indicating a propagation velocity of 20 mm/s. This velocity is slightly faster than reported previously [10 mm/s by Sanchez-Vives and McCormick (2000)]; however, that measurement was in relation to spiking, whereas our measurement is to subthreshold depolarization. Also, this velocity is still slower than reported in vivo (up to 100 mm/s) (Amzica and Steriade, 1995) .
To quantify the vertical flow of depolarization for the population, we used ROI analysis (Fig. 3A2, inset) . ROIs (L2/3, L4, L5A/B, L5B/6) were placed according to depth from the surface of the slice and by the layering apparent in the reference image, in the dF/F signals during up-states, and under light microscopy. The borders of L5B and 6 were not reliably distinguishable and are thus represented by the joint ROI "L5B/6." Similarly, we chose to label the upper L5 ROI "L5A/B" because we could not discount small contributions from layer 5B. The ROIs from the experiment above clearly distinguished the sequential activation of layers in the primary column (Fig. 3A2, top) and the nearsimultaneous activation in the adjacent column (Fig. 3A2 , bottom). ROIs from two additional experiments (Fig. 3B ) in which we also obtained intracellular recordings in L2/3 (Fig. 3B , top row) and L5A (Fig. 3B , bottom row) confirmed the order of activation in the primary column. The precise matching of the intracellular responses with the corresponding fluorescence signal from the same layer validates the precision and reliability of our ROI measurements. Indeed, the mean latency of the dF/F signal to VB responses in L4 (measured 2 SDs above noise; n ϭ 18 slices) was 6.9 Ϯ 5.9 ms, while the latency to reach 2 mV of depolarization (comparable with the 2 SD fluorescence threshold) in the intracellular recordings from L4 was 5.3 Ϯ 3.2 ms (n ϭ 43 cells from 37 slices). The same close matching was true in L2/3 (dF/F ϭ 22.22 Ϯ 11.95 ms; V m ϭ 16.3 Ϯ 11.1 ms; n ϭ 25 cells from 25 slices). To compare between layers, we normalized ROI latencies to L2/3 and found that the monosynaptic activation of L4 preceded activation of L2/3 by 16.6 Ϯ 8.1 ms (mean Ϯ SD; p Ͻ 0.01), which in turn preceded L5A/B by 8.1 Ϯ 8.2 ms ( Fig. 3C ; p Ͻ 0.01; two lowest data points not included in mean since they represent monosynaptic activation). The L5B/6 ROI included slices with monosynaptic responses and those without, thus generating too much variability to be interpreted (but see below for 5 SDs). In the adjacent column, latencies to 2 SDs above threshold revealed no specific sequence of activation (data not shown).
To quantify the propagation of the up-state, we raised the latency threshold to 5 SDs to include only strong depolarization (Fig. 3C) . We found that L4 and L2/3 in the primary column reached threshold at the same time and earlier than L5A/B (12.9 Ϯ 13.2 ms; p Ͻ 0.01) and L5B/6 (30.2 Ϯ 28.1 ms; p Ͻ 0.01). In contrast, in the adjacent column, the up-state invaded L2/3 and L5A/B at the same time, and before both L4 (11.8 Ϯ 9.1 ms; p Ͻ 0.01) and L5B/6 (14.6 Ϯ 18.1 ms; p Ͻ 0.01). This indicates that L2/3 and L5A/B are critical for the propagation of up-states in adjacent columns, but does not reveal their relative importance.
To determine the role of supragranular and infragranular layers in initiation and propagation of up-states, we used directed injections of TTX concomitant with imaging, LFPs, and intracellular recordings.
Injection of TTX into L2/3 can stop up-state initiation from VB input
Injections of TTX (Ͻ1 l, 20 M plus 0.15% Coomassie blue to visualize the injection site) into L2/3 (see Materials and Methods) were approximately circular with a diameter of 400 -500 m, which represents one to two columns. LFP recordings confirmed the lack of activity at the site of the injection (data not shown) and both LFP and intracellular recordings confirmed the lack of effect of TTX outside the borders discernible with the dye (see Figs. 5, 6, 11 ). An example is shown in Figure 4 in which TTX was targeted to L2/3 precisely above the monosynaptic response to VB stimulation. The injection blocked up-state initiation in the majority of trials (18 of 25; Fig. 4 A) , even though the monosynaptic L4 response was preserved as shown by comparing the amplitude of ROIs relative to control (Fig. 4 B) . In a minority of trials (7 of 25), activity invaded L2/3 immediately adjacent to the TTX injection site, followed shortly by invasion of L5 (see latency map in Fig.  4C ) and by the generation of an up-state indistinguishable from control (Fig. 4C) . This result suggests that transmission of excitation from L4 to L2/3 is important for up-state initiation but does not rule out the importance of L5 excitation. Furthermore, because responses to thalamic stimulation commonly included other barrels and deeper layers, the effect of the L2/3 TTX injections was difficult to interpret, as up-states still occurred in some or all trials (n ϭ 4 of 5 slices). Therefore, we repeated the experiments with TTX injections but used localized direct cortical stimulation.
L5 but not L2/3 is necessary for up-state initiation
To determine the relative roles of supragranular and infragranular layers in up-state initiation, we used minimal electrical stimulation that was capable of triggering an up-state in every trial, applied directly to the cortical layer. We monitored the occurrence of up-states with an LFP recorded several hundred micrometers from the stimulation site (observable in the Fig. 5 reference images). L2/3 minimal stimulation (5.5 Ϯ 1.6 A; 100 s; n ϭ 10 slices; Fig. 5 ) resulted in local activation followed shortly by the deeper layers, and then a propagating up-state (Fig. 5A) . The delay to activate infragranular layers was quantified by ROI analysis; the time to 2 SDs in L5A/B followed L2/3 by 7 Ϯ 5 ms (p Ͻ 0.05; n ϭ 10 slices; Fig. 5B ), suggesting deeper layers were not being directly stimulated. When TTX was injected into upper L5 (Fig. 5C ), stimuli in L2/3 failed to trigger an up-state in all trials even when the stimulus consisted of trains of four stimuli at 40 Hz, which activated a much larger area in L2/3 and often included L4 (n ϭ 4/4 slices) (Fig. 5C ). TTX injection did not block spontaneous up-states recorded in the LFP (n ϭ 4 of 4 slices) (Fig. 5D) . In the inverse experiment, L5 minimal stimulation (5 Ϯ 1.2 A; 100 s; n ϭ 7 slices) resulted in local activation followed by L2/3 (time to 2 SDs in L5A/B preceded L2/3 by 2.6 Ϯ 2.5 ms; p Ͻ 0.05; n ϭ 7 slices) and by the generation of a control up-state (Fig.  6 A, top row) . However, in stark contrast with L2/3 stimulation, TTX injected into L2/3 above the stimulation site did not block up-state initiation by single stimuli in any trials (n ϭ 4 of 4 slices; Fig. 6 A, bottom row) . In the example in Figure 6 , two TTX injections were made in L2/3, affecting ϳ850 m (Fig. 6 B) . A single stimulus resulted in activity that was sustained in L5, and then propagated past the site of TTX injection (Fig. 6 A, C) . However, up-state propagation was delayed relative to control by ϳ50 ms in ROIs located 500 m from the TTX injection in L2/3 and L5A/B (Fig. 6C , delay measured at 5SDs, indicated by dashed red line). For the population, up-state propagation was delayed by 49 Ϯ 33 ms in L2/3 and 52 Ϯ 23 ms in L5A/B (n ϭ 4 slices; n ϭ 8 ROIs for each layer). Finally, both triggered and spontaneous up-states were observed in the adjacent LFP after TTX injection (Fig. 6D) . These data reveal a key role for L5 in the initiation of up-states and also indicate that it is crucial for the propagation of excitation across the cortex. Furthermore, they reveal an apparent weakness in L2/3 horizontal connections, as even stimulus trains failed to propagate excitation to regions adjacent to the TTX injection column. We next investigated the effect of TTX injection in L2/3 and L5 on the propagation of ongoing up-states, triggered hundreds of micrometers away from the site of the injection. Under these conditions, physiological inputs rather than electrical stimulation provide excitatory drive in the column in which TTX is injected.
Injection of TTX into L2/3 does not stop up-state propagation
We triggered up-states with VB stimulation and injected TTX into L2/3 adjacent to the primary column (n ϭ 13 slices). A representative example is shown in Figure 7 . TTX in L2/3 did not impede the propagation of the up-state, which traveled successfully through infragranular layers past the injection site and activated all layers (Fig. 7A) . The activity that was eliminated by the TTX can be seen by subtracting the peak map (see Materials and Methods) of the response after TTX from that of the control response (Fig. 7B) . The subtraction map reveals a zone of blocked activity that matches the area delimited by the dye and an additional surrounding area with a small but significant reduction of activity.
To quantify the effects of TTX, we examined four ROIs through the depth of the cortex as above (L2/3, L4, L5A/B, Response shown is to a single L5 stimulus (5 A, 100 s), which triggers an up-state that propagates beyond the borders of the TTX injection and across the imaged area. Times are poststimulus. Scale bar, 500 m. B, ROIs through the depth of the cortex aligned vertically to the stimulation site. Activity is sustained below the TTX injection for the duration of the imaging time (512 ms in this experiment) after a single L5 stimulus. C, ROIs in L2/3 and L5A/B 500 m adjacent to the TTX injection site, and traces in response to a single L5 stimulation. The up-state propagates to these ROIs after TTX injection, but is delayed by ϳ50 ms relative to control conditions. Red dashed lines indicate 5 SDs above baseline noise. D, LFP recording (see A and B above for labeled position in reference image). Shown are individual trials aligned to the stimulation time (orange line). The black traces represent trials in which spontaneous up-states (gray) did not interfere with the stimulation; these trials were averaged in the VSD movies above. Note up-states triggered by the stimulation and also the occurrence of spontaneous up-states recorded after TTX injection.
L5B/6). ROIs were obtained from the column where the TTX was injected ("TTX column") and from two adjacent columns ϳ450 -500 m on either side of the injection ("adjacent 1" near the site of up-state initiation and "adjacent 2" on the far side of the TTX injection) (Fig. 7C, inset) . The ROIs (Fig. 7C ) demonstrated a large reduction in the dF/F signal in L2/3 at the site of TTX injection, and a smaller effect on the ROIs below. Small effects on the dF/F signal amplitude were also found in the two adjacent columns. Furthermore, in adjacent 1, the onset of the response and the rate of rise of the dF/F signal were unaffected and therefore represent an intact initiation of the up-state, whereas on the far side of the TTX injection (adjacent 2), the up-state was delayed by 10 ms (Fig. 7C) . . TTX injection into L2/3 does not stop up-state propagation and primarily affects the region around the puff and the layers immediately below. A, VSD movie frames of a thalamocortically triggered up-state before and after TTX injection into L2/3. Coomassie blue added to the TTX solution produces a dark spot at the site of injection (red dashed circle). The up-state is initiated similarly in TTX and control conditions and then travels past the site of TTX via infragranular layers. Scale bar, 500 m. Time is post-VB stimulation. B, Peak maps of activity pre-and post-TTX and a subtraction image. The effect of TTX is largest centered at the site of the injection, with smaller changes in the dF/F values immediately below and adjacent. C, ROIs through the depth of the cortex in three columns before and after TTX injection in L2/3: TTX injection column, and two adjacent columns. A decrease in the dF/F amplitude after TTX is most prominent in the L2/3 ROI in the TTX column, with differences decreasing through the depth. Small decreases in the signal after TTX are also seen in the two adjacent columns in L2/3 and L4. At right are signals from ROIs in L2/3 close to the site of up-state initiation (top) and on the far side of the TTX injection (bottom). The up-state initiates with no delay after TTX, but a delay of 10 ms is observed on the far side of the injection. D, Direct L4 stimulation (2 A, 100 s). In the frame at 75 ms after stimulation, there is clear activation of L2/3 from L5 below. The arrow indicates that there is no dF/F signal in L4, which suggests that the signal in L2/3 is not due to depolarization of L5 apical dendrites but rather synaptic input to L2/3 from L5. This is confirmed in the line profile below (location of the line is indicated in the frame at 100 ms; time axis is poststimulation; the arrows indicate appearance of activity in L5 and L2/3; the dashed lines bracket the borders of L4). A second injection of TTX next to the first, removing 1 mm of L2/3 horizontal connectivity, also failed to stop up-state propagation (bottom frames). Scale bar, 500 m.
We also triggered up-states in a more controlled manner with minimal cortical L4 stimulation (2-5 A; n ϭ 9 slices) (Fig. 7D) . The up-state always traveled past the TTX injection via infragranular layers, as with VB stimulation (Fig. 7D ). This propagation was delayed with respect to control by 20 -50 ms (n ϭ 6 of 8 slices) or not delayed at all (n ϭ 2 of 8 slices). Once it propagated under the site of TTX injection, the up-state clearly spread from L5A directly to L2/3, as dF/F signal was only detectable in L4 after activation of L2/3 (Fig. 7D , frame at 100 ms). This is also clearly visible in the line profile (Fig. 7D , dotted yellow line; arrows indicate sequential activation of L5A and L2/3), taken on the far side of the TTX injection. A second neighboring TTX injection in L2/3 also failed to stop up-state propagation via infragranular layers (Fig. 7D , "second TTX puff"). Although this example is from a thalamocortical connected slice, we recognized the potential, although not yet demonstrated in rat thalamocortical slices, for cortico-thalamo-cortical feedback loops, which would complicate interpretation of the results as a purely cortical phenomenon [see the studies by Theyel et al. (2010) and Golshani et al. (2001) for cortico-thalamo-cortical connectivity in mouse slices; see also Rigas and Castro-Alamancos (2007) ]. Thus, as a further control, in the remainder of L4 stimulation experiments (n ϭ 8), we used slices that were either immediately rostral or caudal to thalamocortical connected slices, and therefore not connected. The results from these experiments were not different from the example in Figure 7D as well as experiments with VB stimulation, and thus the data were pooled.
From ROIs, we calculated the ratio of the peak dF/F after TTX to before TTX to obtain the percentage maximum amplitude dF/F reached relative to control (see Materials and Methods) . Across the population ( Fig. 8 ; n ϭ 21 slices; VB stim, n ϭ 13; L4 stim, n ϭ 8), L2/3 TTX injection reduced the dF/F signal around the injection site to 32 Ϯ 16% of the control peak amplitude. The difference between control and post-TTX dF/F signals decreased as ROIs were analyzed in layers below, and was not statistically significantly different from 100% for L5B/L6 (percentage of control peak, difference from 100%: L4, 62 Ϯ 22%, p Ͻ 0.001; L5A/B, 82 Ϯ 13%, p Ͻ 0.001; L5B/6, 95 Ϯ 14%, p ϭ 0.13). In the columns 450 -500 m adjacent to the site of TTX injection, the only statistically significant differences in dF/F were measured in the L4 and L2/3 ROIs (L4 adjacent 1, 93 Ϯ 15%, p Ͻ 0.05; L4 adjacent 2, 92 Ϯ 10%, p Ͻ 0.05; L2/3 adjacent 1, 92 Ϯ 18%, p Ͻ 0.05; L2/3 adjacent 2, 90 Ϯ 12%, p Ͻ 0.05); however, these differences were small and most likely do not represent a reduction in the synaptic drive of the up-state. Importantly, once an up-state was initiated, it propagated past the site of TTX injection in all trials.
Thus, injection of TTX into a small (one to two barrel columns) region of L2/3 does not stop the spread of an up-state past the site of injection. We conclude that L2/3 is not critical for up-state propagation and has only a minimal impact on the recurrent activity of neighboring columns. We next injected TTX into L5 to determine the importance of infragranular layers for propagation.
Injection of TTX into L5 stops up-state propagation and has a large effect on L2/3 above In stark contrast to the effect of injecting TTX into L2/3, a small injection of TTX into layer 5 (affecting L5A and at least part of L5B) could completely stop a traveling up-state (Fig. 9) . In these experiments, we always initiated up-states with a L4 cortical stimulation because application of TTX in infragranular layers blocks afferent inputs from the thalamus en route to L4. In the representative example in Figure 9 , TTX injection in L5 blocked the propagation of the up-state past the injection site in the majority of trials (13 of 18 trials), producing a vertical termination front spanning all layers of cortex ("no travel" trials; Fig. 9A , middle row). However, in 5 of 18 of the trials, the up-state propagated via layer 2/3 past the injection site ("travel" trials; Fig. 9A , bottom row; B). Trials in which up-states propagated past the site of TTX injection occurred randomly among trials with failures and were not grouped at the beginning or end of a set of stimuli. Thus, there appears to be a threshold for recurrent excitation to generate an up-state in an all-or-none manner. Furthermore, projections within L2/3 are capable of reaching this threshold, but without input from L5 they often fail (see below and Discussion). The subtraction peak maps show the spatial extent of the effects of TTX in the travel and no-travel trials (Fig. 9C) . In the travel trials, regions of the slice past the TTX injection clearly generate up-states that are similar to control.
We quantified dF/F signals from ROIs as above for L2/3 TTX injections. In the column of ROIs between the stimulus and the TTX injection site (adjacent 1), the dF/F signal was not different before and after TTX for both travel (pink traces) and no-travel trials (red traces) (Fig. 9D, adjacent 1) , further demonstrating that TTX does not globally reduce excitability in the slice. There was no delay in the up-state onset and the rate of rise of the dF/F signal was unaffected (Fig. 9D , left column, detail from L2/3 adjacent 1). In the TTX column, the dF/F signal was greatly reduced through the depth of the cortex in both travel and no-travel trials (Fig. 9D, TTX) . The reduction of dF/F in L2/3 of the TTX column in travel trials suggests a driving influence of the L5 to L2/3 inputs Bureau et al., 2006) . In the column on the far side of the TTX injection (adjacent 2), the up-state was clearly absent in the no-travel trials, but it reached similar dF/F amplitudes in the travel trials, albeit with a 70 ms delay (Fig. 9D, adjacent 2 , see detail in left column, L2/3 adjacent 2). Thus, as with the injections in L2/3, up-states can be generated by local recurrent activity in the absence of long axonal activity.
For the population, injection of TTX into L5 (n ϭ 12 slices) resulted in the block of propagating up-states in all trials in six slices and in at least one-half of trials in four slices. In the two remaining slices, the L5 TTX injection failed to block up-state propagation, which was successful via supragranular layers. We will first consider trials in which the up-state failed to propagate Plotted in each graph is the ratio of the peak dF/F signal after TTX to before TTX at each ROI (mean Ϯ SD) (see Materials and Methods). TTX in L2/3 (n ϭ 21 slices; VB stim, n ϭ 13; L4 stim, n ϭ 8) primarily affects the column in which the injection occurred, and changes in dF/F decrease through the depth of the cortex. Reduction in dF/F signal in adjacent columns was small and limited to L2/3 and L4 ROIs. Student's t test for difference from 1: *p Ͻ 0.05, # p Ͻ 0.001. (Fig. 10, no travel; n ϭ 10 slices) . The dF/F signal in the TTX injection column (red) was greatly decreased for all ROIs through the depth of the cortex (percentage of control peak, difference from 100%: L2/3, 27 Ϯ 23%, p Ͻ 0.001; L4, 18 Ϯ 11%, p Ͻ 0.001; L5A/B, 15 Ϯ 6%, p Ͻ 0.001; L5B/6, 13 Ϯ 5%, p Ͻ 0.001). In adjacent 1 (black), there was a small but significant decrease in the dF/F signal through the depth (L2/3, 83 Ϯ 15%, p Ͻ 0.01; L4, 81 Ϯ 18, p Ͻ 0.01; L5A/B, 80 Ϯ 14%, p Ͻ 0.01; L5B/6, 78 Ϯ 15%, p Ͻ 0.01). To demonstrate that there was not a global effect on excitably of the slice caused by the TTX injection, we also investigated an adjacent column further away (Ͼ500 m) (adjacent, gray). At these further distances, the dF/F signals were not significantly different from control (L2/3, 93 Ϯ 16%, p ϭ 0.2; L4, 93 Ϯ 22%, p ϭ 0.36; L5A/B, 92 Ϯ 14%, p ϭ 0.12; L5B/6, 91 Ϯ 13%, p ϭ 0.2). Thus, even with the loss of up-states across most of the slice, local recurrent activity far enough away from the TTX injection could generate up-states similar to control. For trials in which the up-state traveled past the TTX injection ( Fig. 10, travel ; n ϭ 6 slices), in the TTX column all but the Although the baseline noise is higher for travel trials (bottom row), the same color scale was used to highlight that a similar peak in dF/F signal is reached on the far side of the TTX injection. Note, however, that this allows some noise peaks in the pseudocolor at baseline. Red dashed circle, TTX injection site. Scale bar, 500 m. B, Line profile immediately adjacent to the site of TTX injection in L5 (dashed red circle). Before TTX injection, the up-state propagates via infragranular layers (top profile). After TTX, in travel trials (n ϭ 5 of 18), up-state propagation occurs via supragranular layers (bottom profile). The dashed vertical lines mark the first appearance of activity reaching 2 SDs above baseline noise along the line profile. The arrows highlight the layer in which this activity first appeared. The dashed horizontal lines bracket L4. C, Subtractions of peak maps relative to control for the travel and no-travel trials to show region of the slice affected by TTX injection. D, ROIs through the depth of the cortex in three columns before and after TTX injection in L5: TTX injection column and two adjacent columns. In the TTX injection column, the dF/F signal is largely reduced in both travel and no-travel trials relative to control for all layers. Note, however, that the peak amplitude reached in the travel trials is greater than that of the no-travel trials, particularly in L2/3. In trials in which the up-state always travels, the dF/F signal in the adjacent columns reaches the same peak amplitude as control, although with a delay of ϳ70 ms on the far side of the TTX. In trials in which the upstate fails to travel past the TTX injection, the dF/F signal reaches similar but slightly smaller peak amplitudes in the adjacent column near the stimulation site, and is zero in the adjacent column on the far side of the TTX. The adjacent column ROIs from L2/3 are shown with an expanded timescale at left. We draw two conclusions from these data. First, a peak dF/F signal (and thus depolarization) relative to control must be reached in L2/3 for an up-state to propagate via this layer. This represents the threshold for recurrent excitation necessary to produce an up-state. Second, once an up-state travels past the TTX injection, vertical connectivity facilitates up-state propagation.
L5 excitatory input to L2/3 increases the probability of reaching up-state threshold To better understand the effect of TTX within a column, we performed experiments with combined VSD and intracellular recordings. In the example in Figure 11 A (same slice from Fig. 9 ), a small ROI (4 pixels ϭ ϳ130 m diameter) was taken in the vicinity of an intracellular recording in L2/3 (Fig. 11 A, inset) . TTX was injected into L5 and trials were segregated as above (i.e., pre-TTX, post-TTX travel trials, post-TTX no-travel trials) for averaging purposes. After L5 TTX, the time course and change in amplitude of the V m recording (continuous traces) matched the dF/F signal from the ROI (dashed traces). Importantly, the peak V m depolarization of the cell and the corresponding dF/F signal were similar to the control conditions in travel trials (Fig. 11 A,  right column) . Thus, up-state propagation past a TTX injection in L5 requires sufficient depolarization of L2/3. However, because up-states failed to propagate in the majority of trials, we conclude that L5 input to L2/3 provides depolarization that increases the probability that up-state threshold will be reached.
In contrast, up-state threshold in L5 is not dependent on input from L2/3, as demonstrated by consistent up-state propagation after TTX injection in L2/3. To further quantify changes in upstates after TTX injection, we measured the width at half-height of the V m depolarization during an upstate and calculated the ratio between post-and pre-TTX conditions (Fig. 11 B) (see Materials and Methods). In experiments with L2/3 TTX injections, intracellular recordings in L5 (n ϭ 5 cells) of the TTX column did not reveal significant differences from control at the level of the soma (percentage of control, mean Ϯ SD: 95 Ϯ 8%; p Ͻ 0.05). However, in recordings made in L2/3 above a L5 TTX injection (n ϭ 4 cells), significant reductions in the width at half-height were measured. In two cells, trials in which an up-state failed to propagate past the L5 TTX injection resulted in reductions in width at halfheight of 22 and 60% of control. Importantly, a similar reduction from control was measured for trials in which up-states propagated past the TTX injection (percentage of control: 51 Ϯ 19%; p Ͻ 0.05; n ϭ 4 cells). This is true even in the rare experiment in which an up-state propagated in all trials (Fig.  11C) . Thus, in the absence of L5, the peak amplitude reached in L2/3 during traveling up-states is not different from control; however, the synaptic drive and duration of the upstate is significantly reduced. This result indicates that, for an up-state to propagate, there is a threshold of peak activation that must be reached, and that L5 input makes this threshold more likely to be reached in L2/3.
Control for slice angle
Finally, because slices were cut in the thalamocortical plane (see Materials and Methods), we repeated the experiments in coronal slices as a control for slice angle. Results were identical for both L2/3 TTX injections (n ϭ 2) and L5 TTX injections (n ϭ 2), and were pooled with the rest of the data.
Discussion
Local circuits in neocortex are connected across layers and columns via feedforward and feedback pathways (Thomson and Bannister, 2003; Douglas and Martin, 2007) . The details of laminar connectivity are based on recordings from pairs of neurons (Feldmeyer et al., 2002; Thomson et al., 2002) and from circuit mapping based on glutamate uncaging Schubert et al., 2007) . Here, we show that local recurrent network activity triggered by thalamic input preferentially propagates within a column from L4 3 L2/3 and then to deep layers. However, we demonstrate that L5 amplifies activity in L2/3 and is necessary for the spread of recurrent excitation across cortical columns.
Up-states in vivo and in vitro share similar characteristics Originally described in vivo in cats under anesthesia and during slow-wave sleep (Steriade et al., 1993c) , spontaneous cortical upand down-states occur in vitro under ionic conditions mimicking those observed in situ (Sanchez-Vives and McCormick, 2000) . Both in vivo and in slices, spontaneous up-states are initiated primarily in deep layers (Sanchez-Vives and McCormick, 2000; Sakata and Harris, 2009 ). However, in agreement with our data, sensory triggered up-states start in thalamo-recipient layers (Sakata and Harris, 2009 ). Furthermore, single whisker deflections produce propagating waves imaged with VSDs (Civillico L5 TTX Figure 10 . Quantification of the effect of L5 TTX injection on up-state propagation. As in Figure 8 , plotted in each graph is the ratio of the peak dF/F signal after TTX to before TTX at ROIs aligned to the TTX injection and adjacent to it (mean Ϯ SD). TTX injection in L5 (n ϭ 12 slices) is separated into trials in which the up-state stopped at the TTX (no travel, n ϭ 10 slices) and trials in which the up-state propagated to the other side (travel, n ϭ 6 slices). When the up-state stops (no travel), there is a large change in peak dF/F in all layers of the TTX column, and also a significant decrease in peak dF/F in the adjacent column within 500 m of the TTX near the site of stimulation (adjacent column 1, black). At distances of Ͼ500 m (adjacent column 1, gray), there is no significant difference in the peak dF/F. When the up-state propagates past the TTX (travel), the dF/F peaks reach control values in both adjacent columns within 500 m of the TTX (with the exception of the L5B/6 ROI of adjacent column 2 on the far side of the TTX). Student's t test for difference from 1, *p Ͻ 0.05.
and Contreras, 2006; Ferezou et al., 2006) similar to our observations with single thalamic stimuli. Although corticothalamo-cortical loops shape the frequency components of up-states in vivo, up-states are cortically generated and persist even after extensive thalamic lesions (Steriade et al., 1993b) . Thus, we conclude that our findings are applicable to the connectivity and behavior of cortical circuits in the intact animal.
Interaction of local recurrent circuits within a cortical column Although we observed monosynaptic VB input in both L4 and L5B/6 [in agreement with studies by Agmon and Connors (1992) , Laaris et al. (2000) , de Kock et al. (2007) , Meyer et al. (2010a,b) , and Wimmer et al. (2010)], L5B/6 activity faded while that in L4 persisted and after a delay invaded L2/3. Thus, persistent activity within a column was observed to preferentially follow a L4 3 L2/3 3 L5 temporal sequence. Recurrent excitation amplifies spiking in local networks (Compte et al., 2003) and has been proposed to amplify afferent input to L4 (Douglas et al., 1995) . L4 provides strong feedforward input to L2/3 (Lübke et al., 2003; , and the probability that two L2/3 neurons are connected is higher when they share a common input from L4 (Yoshimura et al., 2005) . Thus, VB input generates recurrent excitation in L4, which is further amplified in L2/3, leading to strong activation of L5 (Thomson and Deuchars, 1997) . The inputs to and outputs from L6 in rodent barrel cortex are weak relative to connectivity in the layers above Hooks et al., 2011) . Furthermore, although L5B receives input from L6 (Schubert et al., 2001) , there is not a prominent ascending projection from L5B Schubert et al., 2007) . Thus, inputs to L5B/6 would not be expected to engage the column. L5A, however, does project to L2/3 , and our data show that this ascending projection provides a strong driving input to L2/3 within a column, generating a powerful feedback loop among these layers.
Propagation of up-states to neighboring cortical columns
Our data revealed that L5 horizontal projections are consistently effective at propagating up-states to a neighboring column, whereas L2/3 horizontal projections, without the additional excitatory drive provided by L5A, are very ineffective. L5A receives much of its excitatory input from L5A itself, both within a column and from neighboring columns (Schubert et al., 2006; Frick et al., 2008) . We observe L5A being activated before deeper layers as an up-state propagates (Fig. 7D) , indicating that this transcolumnar communication is particularly strong. Thicktufted pyramidal cells in L5B also project within L5 to neighboring columns (Schubert et al., 2001; Larsen et al., 2007; Oberlaender et al., 2011) . These cells are intrinsically bursting (IB) (Chagnac-Amitai and Connors, 1989; Hefti and Smith, 2000; Schubert et al., 2001) , generating spike bursts of three to five action potentials at 200 Hz Contreras, 2004) , which may boost connection strength. IB cells are also found within L5A (Schubert et al., 2006) . Finally, L5A projects to L5B (Schubert et al., 2001) , which could further drive activity throughout the entire layer.
Although L2/3 cells also project within supragranular layers (Feldmeyer et al., 2006) , properties of these connections may limit their ability to propagate up-states. One constraint is the drop of up to 10-fold in connection probability among L2/3 cells over distances of 20 -150 m, observed in visual, somatosensory, and auditory cortex (Holmgren et al., 2003; Oswald and Reyes, 2008) . Furthermore, neighboring L2/3 neurons are more weakly connected than L5 neurons, with maximum monosynaptic EP- Figure 9 . A small ROI (yellow circle) was taken in the region of the intracellular recording in L2/3. The intracellular traces are averages of the same trials segregated according to the VSD data. B, Ratios of the width at half-height of up-states measured from intracellular recordings post-TTX to pre-TTX. TTX injection in L2/3 does not reduce the width at half-height in L5 neurons recorded in the same column of the injection (n ϭ 5 cells). However, TTX injection in L5 does reduce the width at half-height in neurons recorded in L2/3 above the injection, both for trials in which the up-state travels (n ϭ 4 cells) and trials in which the wave fails to travel (n ϭ 2 cells) past the TTX. Each circle represents data from a single neuron. C, Example of intracellular recording from an experiment before and after L5 TTX injection in which the up-state propagated past the site of TTX injection in all trials. Note that the peak amplitude of the initial phase of the up-state is the same as control; however, depolarization is not sustained relative to control. All traces are averages of multiple trials.
SPs in L2/3 of 3 mV compared with 6 mV or greater in L5 (Markram et al., 1997; Thomson and Deuchars, 1997; Feldmeyer et al., 2006; Frick et al., 2008) . Finally, all pyramidal cells in L2/3 are regular spiking (RS); IB cells are found mainly in deeper layers (Chagnac-Amitai and Connors, 1989) . Differences in inhibition and resting V m may also influence network excitability. In L2/3, pyramidal cells were found to receive 10 times as many inhibitory connections as excitatory connections, many of which were reciprocal (Holmgren et al., 2003) . In L5, although RS cells receive inhibition from multiple sources, IB cells receive relatively few inhibitory inputs (Schubert et al., 2001) . Furthermore, L2/3 neurons are more hyperpolarized at rest than L5 neurons (Manns et al., 2004; Lefort et al., 2009) , such that L5 cells even fire spontaneously at rest in between up-states (Sanchez-Vives and McCormick, 2000) .
Our results show that when L2/3 is blocked with TTX, upstates propagate from L5 to L2/3 on the far side of the TTX injection. Projections from L5 3 L2/3 have been described in somatosensory, visual, and motor cortices (Yuste et al., 1997; Yoshimura et al., 2005; Bureau et al., 2006; Larsen et al., 2007; Weiler et al., 2008) . In the barrel cortex, L5A provides a particularly strong ascending projection Bureau et al., 2006) , and our data show that this sublayer may play a primary role in both initiating and sustaining activity in L2/3 within the same column (Figs. 5C, 7) .
We propose the following model for up-state propagation. Strong horizontal projections within L5, most likely primarily L5A, excite neighboring local circuits. Input from L5A 3 L2/3 is necessary to overcome the hyperpolarization, inhibition, and sparse connectivity of subnetworks in superficial layers to increase the probability that L2/3 reaches threshold for producing an up-state. Once an up-state is initiated in L2/3, feedback projections from L2/3 3 L5 help to drive activity in deeper layers, which then spreads to the next column.
Relationship to models of epilepsy
Paroxysmal activity most likely propagates via the same pathways as described here for up-states. Indeed, a popular model for studying epilepsy that consists of blocking GABA receptors to unmask excitatory circuits, results in similar conclusions. Epileptiform events start spontaneously in deeper layers (Connors, 1984) , are all-or-none events , spread as a vertical wave-front recruiting L2/3 and L5 (Chervin et al., 1988; Pinto et al., 2005) , but require L5 for propagation (Silva et al., 1991; Telfeian and Connors, 1998; Pinto et al., 2005) . Indeed, VSD imaging during GABA block reveals a similar pattern of activity initiation and propagation observed in the present study (Laaris et al., 2000) . Up-states under our conditions differ from these paroxysmal events in terms of depolarization amplitude [up-state, 10 -20 mV, vs seizure, 20 -50 mV (Gutnick et al., 1982) ], lack of sodium spike inactivation, propagation velocity [20 vs 60 -90 mm/s (Chervin et al., 1988; Pinto et al., 2005) ], and the participation of inhibition, which is at least partially blocked in those cited experiments. Up-states themselves are not epileptiform events and consist of balanced excitation and inhibition shown with intracellular recordings both in vivo and in vitro (Shu et al., 2003; Haider et al., 2006) . However, the convergence of our results using up-states and these previous studies of seizure activity is striking. Furthering this connection, during slow-wave sleep in vivo, up-states can transition to seizures (Steriade and Contreras, 1995; Steriade et al., 1998) .
Functional implications
Regardless of network state, whisker deflections result in large, multibarrel subthreshold receptive fields through all layers (Brecht and Sakmann, 2002; Brecht et al., 2003; Manns et al., 2004; Roy et al., 2011) . VSD imaging of L2/3 in vivo demonstrated initial activation of a single barrel, and subsequent spread of depolarization across the barrel field (Petersen et al., 2003; Civillico and Contreras, 2006; Ferezou et al., 2006) , similar to our observations in slices. In vivo, spiking in L2/3 is sparse, with only 3-10% of L2/3 neurons firing action potentials in response to whisker reflection (Brecht et al., 2003; Crochet et al., 2011) . Thus, it seems unlikely that the output of L2/3 is driving the spread of excitation across the cortex. We propose that L5 is primarily responsible for this distribution of excitation across neighboring columns, including depolarization observed in L2/3. Furthermore, given the delay in L5 activation upon block of overlying L2/3, we propose that spatiotemporal patterns of cortical activity observed in L2/3 in response to whisker deflection are due to the interaction between supragranular and infragranular layers.
